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Abstract 
Poly(ethylene terephthalate) has experienced a growth in its demand as a bottle container 
and food packaging material. However, in order to expand its uses, its barrier properties to 
gases like carbon dioxide and oxygen, have to be improved. In this way, bisester amide 
units have been introduced as a third component in the main chain of PET, with the aim to 
reduce both CO2 and O2 permeability. 
In this project, poly(ester-amide)s based on PET (PETxMXy) have been synthesized, 
according to the following method:  
 First bisester amide was obtained and purified from dimethyl adipate and m-xylylene 
diamine (MXDA). 
 Then, bisester amide was added finalizing the transesterificación  step in the 
synthesis of PET in different amounts from 0 to 20 mol%.  
PETxMXy  were obtained with high yields, molecular weights (Mw) between 35,000-50,000 g 
mol
-1
 and dispersities between 2.3-3.3. All PETxMXy were semicrystalline, although it was 
observed a reduction on both melting enthalpy and temperature (Tm) as well as in the glass 
transition temperature (Tg) with the increased content of bisester amide units in the 
poly(ester-amide).The effect of the presence of the bisester amide units on the  barrier 
properties of PET to CO2 and O2 are currently under research. 
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Acronyms 
 
DCM: dichloromethane. 
 
DEG: diethylene glycol. 
 
DMT: dimethyl terephthalate. 
 
DSC: differential scanning calorimetry. 
 
EG: ethylene glycol. 
 
FT-IR: Fourier transform infrared spectroscopy. 
 
GPC: gel permeation chromatography. 
 
HFIP: hexafluoroisopropanol. 
 
MXDA: metaxylylene diamine. 
 
MXD6: poly(m-xylylene adipamide). 
 
NMR: nuclear magnetic resonance. 
 
PET: poly(ethylene terephthalate). 
 
TBT: titanium (IV) butoxide. 
 
Tc: crystallization temperature. 
 
Tg: glass-transition temperature. 
 
TGA: thermogravimetry. 
 
THF: tetrahydrofuran. 
 
Tm: melting temperature. 
 
XRD: X-ray diffraction.  
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1. Introduction 
1.1. Poly(ethylene terephthalate) 
 
The origin of poly(ethylene terephthalate) or PET (Figure 1.1), goes back to the forties 
due to the need to obtain a high molecular weight polymer for use as synthetic fiber. It 
was in the fifties when this polyester fiber was developed and sold under the tradenames 
of TERYLENE by ICI Ltd-(UK) and DACRON by DuPont (EE.UU.). Although new fibers 
have emerged, PET has established to these days as the major application polymer in 
this field. In the sixties, after the research on the crystallization of PET done by AKZO and 
DuPont, it was used as resin for injection molding under the commercial names of 
ARNITE and RYNITE, and so applied in packaging. 
 
 
C
O
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O
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Figure 1.1. Chemical structure of poly(ethylene terephthalate). 
 
Poly(ethylene terephthalate) is a thermoplastic belonging to the polyester family of 
polyesters.  
 
PET is usually obtained in two steps: prepolymerization followed by polycondensation.  
For the prepolymerization step, two main procedures are used in industry:
 
 Esterification reaction between terephthalic acid (TPA) and ethylene glycol (EG). 
Actually, the major number of plants in the world uses this methodology due the 
high purity grade of the acid. TPA/EG molar ratios used are 1/1.2-1.5, and the 
reaction temperature is usually 240-260°C. For this step, catalysts is not required, 
since the acid functional groups of TPA catalyze the reaction. Water is produced 
as a by-product.
1-4
 
 Transesterification reaction between dimethyl terephthalate (DMT) and ethylene 
glycol (EG). The reaction temperature is usually 170-210°C, using a molar ratio 
DMT/EG of 1/2.1-2.3 and a catalyst. During the transesterification reaction 
methanol is produced. Bis-(2-hydroxyethyl) terephthalate (BHET) is the main 
product obtained in this step.
4-6
 
In the polycondensation step, the product obtained during the prepolimerization is heated 
between 280-290°C under vacuum (1 mbar).
7
 The excess of added ethylene glycol is 
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distillated off as a by-product. Polyester with a polymerization degree close to 100 is usually 
obtained.
8
 
A third step called solid stated polycondensation (SSP) is usually utilized to increase the 
molecular weight of PET until bottle grade. Poly(ethylene terephthalate) previously 
crystallized reacts in the amorphous phase under a inert gas flow or vacuum and 
temperatures around 220-250°C.
9,10
 
Many researchers have studied the effect of different catalysts for both reactions: 
transesterification and polycondensation. The use of zinc and manganese acetates for 
transesterification of DMT and EG has reported good results; while for polycondensation, 
results show that titanium-based catalysts are the most active and antimony and tin based 
catalysts are less active. The activity of the polycondensation catalysts increases in the 
order Ti>Sn>Sb>Mn>Pb.
3,11
 
During polycondensation due to the high temperatures used and to long periods of reaction 
some side reactions, including thermal and oxidative degradation, hydrolysis, cyclization and 
diethylene glycol (DEG) formation, can take place. These side reactions influence physical 
properties of the polymer.
12
 
Figure 1.2, shows the schemes for the PET polymerization process. 
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Figure 1.2. Schemes for the polymerization process. 
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PET can be processed through extrusion, injection molding and blow molding, also is 
considered to be one of the friendliest synthetic polymer used for food packaging.
13
 
Poly(ethylene terephthalate) is of major industrial importance polyester due to its low cost, 
high performance (since it has high glass transition and melting temperatures), excellent 
mechanical properties, high chemical resistance, good aesthetic properties (such as 
transparency and gloss) and acceptable gas barrier properties.
12,14
 For all these 
characteristics PET has been used for a variety of applications such as in textile fibers, 
films, bottle containers, food packaging materials, engineering plastics in automobiles, 
electronics, etc.
14
 
However, some of the properties of PET limit its applications. Copolimerization and polymer 
blending represents one way to improve its undesirable properties, such as pilling, low 
moisture regain, static charging, poor dyeability and adhesion to metal, due to the high 
glass transition temperature, and poor processability, due to its high melting temperature.
15
 
One example of copolymer based on PET in which another comonomer was added to 
improve some properties of pristine PET enlarging its applications is the poly(ethylene 
terephthalate-co-isophthalate). Small amounts of isophthalic units are often incorporated 
into PET to retard its thermal crystallization and thus facilitate its processability. Additionally 
these units improve the gas barrier properties of PET. It is widely used at present in the 
industrial formulation of PET for bottles.
16, 17
  
PET has become the dominant material for packaging of drinking water, carbonated soft 
drinks, isotonic “sports” drinks, and similar products over the past 20 years.
18
 PET bottles 
annual consumption represent more than 300.000 millions units.
19
 Figure 1.3, shows PET 
consumption in U.S in 2008.
20
 
 
Figure 1.3. U.S PET consumption by derivatives, 2008 (weight percent)  
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This figure gives us an idea about how important is the bottling sector inside the production 
of PET. Although PET has quite good gas barrier properties, they are not enough for some 
applications that need improved impermeability.   
Then, to improve the barrier properties of PET, recent research has been focused on 
blending it with high barrier polymers like poly(ethylene-co-vinyl alcohol) (EVOH) or semi-
aromatic polyamides.
21
 EVOH has excellent barrier properties; however, its moisture 
sensitivity is an obstacle for achieving improved barrier properties in humid atmospheres.
22
 
Blends of PET and aromatic polyamides represent a great alternative to solve the 
permeability problems of PET, because of their potential for combine the low oxygen and 
carbon dioxide permeability of the polyamides with the good toughness, and economics of 
polyester.
23
 
One of the blends that have been quite interesting for the researchers is poly(ethylene 
terephthalate)/poly(m-xylylene adipamide) (PET/MXD6), given the possibility to improve the 
barrier properties of PET, expanding its application in the area of food packaging. However, 
PET/MXD6 blends exhibit incompatibility, which was improved with the incorporation of 
sodium  5-sulfisophthalate (SIPE) units in the PET matrix.
 23
  
Low optical clarity and an undesirable yellow color when processed in the molten state has 
also proved a big problem for PET/MXD6 blends.
24
  The amount of yellow color generated 
has been shown to be proportional to amino end group concentration in the polyamide 
components.
18 
 
Another big issue for industry of PET packaging resin is acetaldehyde (AA) formation, due 
to thermal oxidative degradation of PET during its synthesis and subsequent molding 
process, AA is one of the byproducts generated, and remains in the polymer chip after the 
polymerization. Acetaldehyde must be minimized because it can introduce flavor to the 
drinks contained in the bottles, which is highly undesirable.  
Some studies have reported the use of antioxidants to prevent thermal oxidative 
degradation in PET. However the color generation is still a problem, especially when PET is 
used as bottle resin.
25
 
Polyester/polyamide blends have been developed with the objective of minimizing the 
formation of AA. Inside the blend, polyamide (including MXD6) acts as a scavenger of 
acetaldehyde, the mechanism of reaction of the scavenger is believed to be by the 
nucleophilic addition of the free amino end group on the polyamide to aldehydes or ketones 
to form imines (also known as Schiff bases).
26
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1.2. Poly(m-xylylene adipamide) 
Polyamides (PAs) are high molecular weight polymers containing amide units; the 
hydrocarbon segments between the amide groups can be aliphatic, partially aromatic, or 
wholly aromatic. PAs are thermoplastic polymers that have exceptional mechanical, thermal 
and chemical resistance properties.
27 
Poly(m-xylylene adipamide) (MXD6), (Figure 1.4), is a semiaromatic polyamide obtained by 
polycondensation between m-xylylenediamine and adipic acid.
28
 Poly(m-xylylene adipamide) 
was introduced by Mitsubishi as MXD6 and is also now marketed by Solvay and by Laporte 
as Ixef. The polymer has a Tg in the range 85-100°C, and a melting point Tm in the range 
235-240°C.
 29
 
 
 
 
Figure 1.4. Chemical structure of poly(m-xylylene adipamide) 
MXD6 is finding increasing use in multilayer food packaging applications because its low 
oxygen, carbon dioxide and nitrogen permeability, its rheology and processing conditions, 
which are comparable to those of poly(ethylene terephthalate), for use in, carbonated 
beverage bottles.
30, 31
 As well as PET, MXD6 has a low crystallizabiltiy.
32
 
Poly(m-xylylene adipamide) is widely used in the production of films, sheets and rigid 
containers as a new type of high gas barrier resin. For instance, MXD6 is currently being 
used for PET bottle applications, both as a barrier layer in multilayer bottles or as a single 
layer blended with PET.
33
 
 
1.3. Poly(ester-amide)s 
Poly(ester-amide)s have been studied extensively due its intermediate properties between 
its homopolymers (polyester and polyamide).  
As mentioned previously, PET/MXD6 blends (Figure 1.5) have attracted scientific, 
technical, and commercial interest, in particular, in the area food packaging due to its 
potential for combining the low O2 and CO2 permeability of the MXD6, with the good 
toughness, clarity, and economics of PET.
34 
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n
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However, the blend incompatibility is a drawback to be improved; moreover, the high 
temperatures used during blend process assist the thermal degradation of polymers. 
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Figure 1.5. Chemical structure of PET/MXD6 poly(ester-amide). 
In order to improve incompatibility of PET and MXD6 without use additional additives or 
catalysts, the synthesis of poly(ester-amide)s derived from PET with bisester amide units 
offers an alternative that, in principle can reduce the haziness of the polymer. In addition, 
the final poly(ester-amide) present a lower crystallinity due that the units of bisester amide  
are incorporated inside the polymeric chain.   
In this project, poly(ester-amide)s derived from PET with bisester amide units  are obtained. 
First, a  bisester amide is obtained and added before the polycondensation step of PET in 
different amounts that allow obtaining poly(ester-amide)s with different content of ester and 
amide groups. 
Throughout the project four poly(ester-amide)s based on PET with different compositions of 
bisester amide, (5, 10, 15 and 20 mol%) are synthesized; also pristine PET is synthesized 
as reference. Then the chemical structure of the poly(ester-amide)s is characterized by 
Nuclear Magnetic Resonance (NMR) and Fourier Transform Infrared Spectroscopy (FT-IR). 
The molecular weights are evaluated by intrinsic viscosity (IV) and gel permeation 
chromatography (GPC). The thermal properties are determined by differential scanning 
calorimetry (DSC) and thermogravimetry (TGA). The crystalline structure is studied by X-
Ray diffraction (XRD) and the mechanical properties is evaluated by stress-strain tests.  
The results show that it is possible to obtain poly(ester-amide)s derived from PET with 
bisester amide segments by synthesis without altering significantly the properties of PET. 
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2. Project aims 
 
2.1. Main objective 
The aim of this work is to synthesize poly(ester-amide)s derived from PET using bisester 
amide units, to improve their barrier properties to gases like a CO2 and O2 without altering 
significantly the properties of PET .  
2.2. Specific objectives  
The specific objectives are listed below: 
 To synthesize and characterize a bisester amide from meta- xylylenediamine and  
dimethyl adipate. 
 To synthesize co-polymers derived from PET with different compositions of 
bisester amide units. 
 To characterize the poly(ester-amide)s by NMR, viscosimetry, GPC. 
 To study comparatively the thermal behavior and degradability of the poly(ester-
amide)s and pristine PET. 
 To study comparatively the mechanical properties of the poly(ester-amide)s and 
pristine PET 
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3. Experimental section 
 
3.1. Materials 
The reagents dimethyl terephthalate (99%), dimethyl isophthalate (99%), dimethyl adipate 
(>98%) were purchased from Sigma-Aldrich, and ethylene glycol and meta-xylylene diamine 
were provided by La Seda de Barcelona S.A. The catalysts titanium (IV) butoxide (TBT 
98%) was purchased from Merck. 
Solvents used for purification and characterization, such as chloroform,             
tetrahydrofuran, dichloroacetic acid, trifluoroacetic acid, hexafluoroisopropanol, were 
purchased from different commercial houses and were used as received without further 
purification.  
3.2. Methods 
3.2.1. 1,3-bis{[N-[5-methoxycarbonyl-1-oxopentanyl]]methyl}benzene 
synthesis 
The synthesis of bisester amide 1,3-bis{[N-[5-methoxycarbonyl-1-oxopentanyl]]methyl} 
benzene was carried out by mixing dimethyl adipate and MXDA, in a molar ratio of (10:1)  at 
50°C. Titanium (IV) butoxide (0.6mmol TBT/mol dimethyl adipate) was added as catalyst. 
During 4 hours methanol was distilled off, for the next 4 hours the temperature was 
increased every half hour up to 150°C. Then, the melt was cooled down to room 
temperature. Warm chloroform (T=50°C) was used to dissolve the product, undissolved 
product was removed by filtration. The excess of chloroform was evaporated in the rotatory 
evaporator. The bisester amide was cooled with THF, when the white solid precipitated, it 
was filtered and washed several times with cool THF. The obtained product was dried at 
vacuum.  
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3.2.2. Poly(ester-amide)s synthesis  
Poly(ester-amide)s derived from  PET with different composition of bisester amide (5, 10, 15 
and 20 mol%), were synthesized in two steps according to the following procedure: 
Dimethyl terephthalate (98 mol%), dimethyl isophthalate (2 mol%) and ethylene glycol (EG), 
molar ratio of 1:2.2 (COOCH3:OH), were put to react in a 250mL three-necked, round-
bottom flask equipped with a mechanical stirrer, a nitrogen inlet and a vacuum distillation 
outlet. Titanium (IV) butoxide was used as catalyst (0.6mmol TBT/mol COOCH3). 
Transesterification reaction was carried out under a low nitrogen flow for 4h30min at 180°C. 
During this time methanol was distilled out. Once this time passed, the bisester amide was 
added to PET oligomers and the reaction was allowed to continue during 40min more at the 
same conditions. Then, temperature was increased to 280°C, polycondensation reactions 
were carried out at these temperatures during 3h30min, under vacuum (1mbar). At the end, 
atmospheric pressure was recovered with nitrogen flow to prevent degradation and the 
polymer was extracted in hot. 
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3.3. Characterization methods 
3.3.1. Nuclear Magnetic Resonance (NMR) 
1
H and 
13
C NMR spectra were recorded on a Bruker AMX-300 spectrometer at 25°C, 
operating at 300.1 and 75.5 MHz, respectively. 10mg of sample were dissolved in about 
1mL of deuterated CDCl3 or TFA for 
1
H-NMR spectra, whereas for 
13
C-NMR spectra 
50mg of sample were dissolved with the same amount of CDCl3 or TFA. 
Tetramethylsilane (TMS) was used as internal reference. 
3.3.2. Fourier Transformed Infrared Spectroscopy (FT-IR) 
The measurements were carried out using the technique of infrared attenuated total 
reflection (ATR) in a Jasco 4100 FTIR spectrophotometer, coupled with an ATR 
accessory Specac MKII, with a single reflection Golden Gate diamond, ZnSe lenses 
and a high stability temperature driver West6100+. The absorbance of the sample was 
recorded in the range of 4000-650 cm
-1
 accumulating 32 scans for each run. 
3.3.3. Intrinsic Viscosity (IV) 
Intrinsic viscosities of polymers dissolved in dichloroacetic acid were measured using 
an Ubbelohde viscosimeter at 25.0±0.1 °C. 
3.3.4. Gel Permeation Chromatography (GPC) 
Gel permeation chromatograms were acquired with Waters equipment provided with a 
refraction-index detector RID-10A. For measurements, 100µL of dissolution 0.1% (m/v) 
of polymer in sodium trifluoroacetate-hexafluoroisopropanol (NaTFA-HFIP) were 
chromatographed using a polystyrene-divinylbenzene packed linear column with a flow 
rate of 0.5mL/min. Chromatograms were calibrated against poly(methyl methacrylate) 
(PMMA) monodisperse standards. 
3.3.5. Differential Scanning Calorimetry (DSC) 
The thermal behavior of polymers was examined by DSC using a Perkin Elmer DSC 
Pyris 1. DSC data were obtained from 3 to 5 mg samples at heating/cooling rates of 10 
°C/min under a nitrogen flow of 20mL/min. Indium and zinc were used as standards for 
temperature and enthalpy calibration. 
The glass-transition temperatures were determined from the inflection points of the 
calorimetric curves obtained at a heating rate of 20°C/min from rapidly melt-quenched 
polymer samples. 
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For isothermal crystallization assays, the samples were first heated at 290° in order to 
remove its thermal history, and then they were cooled at 20°C/min to the select 
crystallization temperature, where it was left to crystallize until saturation. 
3.3.6. Thermogravimetry (TGA) 
Thermogravimetric analyses were performed under a nitrogen flow of 20mL/min at a 
heating rate of 10°C/min, using a Perkin Elmer TGA 7 Thermogravimetric Analyzer. 
About 15-10 mg of polymer was used in these measurements. 
3.3.7. X-Ray Diffraction (XRD) 
X-ray diffraction patterns were recorded on the INEL CPS-120 diffractometer in Debye-
Scherrer configuration using the Cu-Kα radiation of wavelength 0.1542nm from 
powdered samples coming directly from synthesis. 
3.3.8. Stress-strain testing 
The tensile strength, elongation at break and Young´s modulus were measured with a 
stretching rate of 10mm/min on a Zwick 2.5/TN1S testing machine coupled with a 
compressor Dalbe DR 150. All assays were done at room temperature. Test specimens 
were prepared with a thickness of 150-300 µm, width of 2.7mm while the distance 
between testing marks was 10mm. 
3.3.9. Permeability essay 
The effect of the presence of the bisester amide units on the  barrier properties of PET 
to CO2 and O2 are currently under research in collaboration with the University Jaume I 
of Castellón. 
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4. Results and discussion 
4.1. Synthesis and characterization of 1,3-bis{[N-[5-
methoxycarbonyl-1-oxopentanyl]]methyl}bezene 
The bisester amide was obtained through the reaction showed in the Figure 4.1. and 
described in section 3.2.1. The adopted procedure was taken from the work done by 
Dijkstra et al. 
35 
  
A molar ratio of (10:1) of dimethyl adipate:MXDA was used to avoid the formation of 
oligomers; also, some oligomers formed during reaction of dimethyl adipate and MXDA 
were removed using warm chloroform, in this way, it is possible to ensure that the 
bisester amide obtained almost had the same length.   
The reaction was initially performed at 50°C and when the formation of methanol 
decreased the temperature was increased to 150°C to induce further aminolysis. 
H3COC(CH2)4COCH3
O O
+ H2NCH2 CH2NH2
500C 1500C
-2CH3OH
H3COC(CH2)4CNHCH2
O O
CH2NHC(CH2)4COCH3
OO
1bar and catalyst
+   2CH3OH
(MX)
 
Figure 4.1. Synthesis of bisester amide 
 
The 
1
H and 
13
C NMR spectra of the bisester amide shown in Figure 4.2  and Cosy and 
Hetcor two-dimensional NMR spectra Figure 4.3 revealed the correct structure and 
purity of the compound. 
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            * Signal corresponding to DMSO 
            # Signal corresponding to H2O 
Figure 4.2. 
13
C and 
1
H NMR spectra of bisester amide compound. 
 
Figure 4.3. Cosy and Hetcor two-dimensional NMR spectra of bisester amide compound 
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Also, thermal properties of the bisester amide were studied by DSC (Figure 4.4). This study 
showed the existence of two melting peaks in both, first and second heating. These peaks 
were attributed to the existence of two polymorphs. The results are listed in Table 4.1. 
However, the study of polymorphism in the bisester amide is out of the scope of this work. 
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Figure 4.4. DSC melting traces of MX bisester amide. 
Table 4.1. Thermal properties of bisester amide. 
                          
 
First Heating
a
 
 
Cooling
a
 
 
Second heating
a
 
Compound 
Tm1 
(°C) 
Tm2 
(°C) 
ΔHm1 
(J/g) 
ΔHm2 
(J/g)  
Tc 
(°C) 
ΔHc 
(J/g)  
Tm1 
(°C) 
Tm2 
(°C) 
ΔHm1 
(J/g) 
ΔHm2 
(J/g) 
  
             MX 76.5 90.2 70.9 30.9 
 
51.3 -64.0 
 
77.1 92.2 16.2 51.6 
                          
a
 Melting (Tm) and crystallization (Tc) temperatures, melting (ΔHm) and crystallization (ΔHc) enthalpies, 
measured by DSC at heating/cooling rates of 10°C/min. 
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4.2. Synthesis and characterization of poly(ester-amide)s 
The poly(ester amide)s were obtained through the reaction shown in the Figure 4.5. 
and described in section 3.2.2. During a period of 4h 30 min transesterification reaction 
was carried out at 180°C under nitrogen flow, an excess of ethylene glycol was used to 
ensure more than 95% of conversion. Then, the bisester amide (MX), (previously 
dissolved in excess of EG to facilitate the homogenization of the mixture) was added 
40min before starting the polycondensation step. Polycondensation reaction was 
carried out during 3h 30 min at 280°C under vacuum (1mbar). 
GPC analyses showed that poly(ester-amide)s were obtained with weight-average 
molecular weights from 35,690 to 50,790 and number-average molecular weights 
between 15,390 to 17,120, with polydispersity degrees from 2.3 to 3.3. Intrinsic 
viscosities ranged from 0.65 to 0.67 dL/g. The results are listed in Table 4.2. 
COCH3
O
H3COC
O
++
1 180oC, 4h30min, catalyst
2 180oC, 40min
3 280oC, 1mbar, 3h30min
CH2NHC(CH2)4COCH3
O O
H3COC(CH2)4CNHCH2
O O
C
O
OCH2CH2OC
O
x
OCH2CH2OC(CH2)4CNHCH2
O O
CH2NHC(CH2)4C
O O
y
OH CH2CH2 OH
 
Figure 4.5. Synthesis of poly(ester-amide)s derived from PET. 
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Table 4.2. Composition and molecular weights of poly(ester-amide)s derived from PET. 
         a
 Intrinsic viscosity (dL g
-1
) measured in dichloroacetic acid at 25 °C. 
         b 
Number-average molecular weight (Mn), average molecular weight (Mw)  and polydispersity (PD)          
      determined by GPC. 
 
Nuclear magnetic resonance (NMR) was performed to determine the structure and the 
real composition of the poly(ester-amide)s (Table 4.3). The results showed that the real 
composition of the poly(ester-amide)s is almost the same to the nominal composition. 
 
Figure 4.6 shows the 
1
H and 
13
C NMR spectra with corresponding peak assignments 
for the PET80MX20 as a representative of the series. The composition was calculated by 
taking the area of the signal corresponding to the aromatic protons which appears at 
8,1 ppm for the terephthalate units and, the signal at 1,7 ppm due to the adipate 
segment. The signal due to the diethylene glycol (DEG) generated during 
transesterification and, incorporated in the polymer chain during the polycondensation 
is observed at 4,1 ppm. Integration of the peak reveled that the percentage of such 
units is 1.43 mol % and increases slightly by increasing of bisester amide content. This 
is attributed to the mayor excess of ethylene glycol added.  
The 
13
C NMR spectra with the signal assigned confirms the chemical structure of the 
poly(ester-amide)s synthesized. 
  
PET/MX Composition 
 (molar ratio) Molecular Weights (g·mol
-1
) 
Co-polymers 
 
Feed 
 
[η]
a
 Mn
b
 Mw
b
 PD
b
 
PET 
 
100/0 
 
0.75 22470 44090 1.96 
PET95MX5  
95/5 
 
0.66 15390 35690 2.32 
PET90MX10  
90/10 
 
0.67 17120 46220 2.70 
PET85MX15  
85/15 
 
0.65 15500 50790 3.28 
PET80MX20  
80/20 
 
0.65 16400 42690 2.60 
PMX 
 
0/100 
 
0.51 12930 47620 3.68 
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                             * Signal corresponding to DEG units. 
 
Figure 4.6. 
13
C and 
1
H NMR spectra of the PET80MX20. 
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In Figure 4.7 
1
H NMR spectra of the obtained homopolymers PET and PMX, and 
different poly(ester-amide)s are compared. In the figure is observed how the signals 
corresponding to the aliphatic protons of the bisester amide (2–3 ppm) are increasing 
by the increasing its content in the polymer chain. 
 
The microstructure of the poly(ester-amide)s was analyzed by 
1
H NMR using the 
oxymethylene proton resonances. Figure 4.8 shows the 
1
H NMR spectra in the region 
of the oxymethylene signals in which is clearly shown the splitting due to the sequence 
effects.   
The number-average sequence length of ethylene terephthalate (T) and bisester amide 
units, nT and nMX, respectively, and the randomness of poly(ester-amide)s (B) were 
calculated using the equations shown in Figure 4.8 and the relative integral values of 
the peaks and subtracting the value corresponding to the meta -CH2 protons. Based on 
the quantification of the different diads allowed us to conclude that the microstructure of 
all the poly(ester-amide)s was essentially at random. 
 
 
0 . 01 . 02 . 03 . 04 . 05 . 06 . 07 . 08 . 09 . 0
( p pm )
PET
PET95MX5
PET90MX10
PET85MX15
PET80MX20
PMX
 
Figure 4.7. Compared 
1
H NMR spectra for PET, PMX and the poly(ester-amide)s 
PETxMXy.
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Sequence Diad 
C
O
C
O
O CH2 CH2 O C
O
C
O
a
 
TT 
C
O
C
O
O CH2 CH2 O C
O
CH2 CH2 CH2 CH2 C
O
a’     e’
 
TMX 
C
O
CH2 CH2 CH2 CH2 C
O
O CH2 CH2 O C
O
C
O
e’    a’
 
MXT 
C
O
CH2 CH2 CH2 CH2 C
O
O CH2 CH2 O C
O
CH2 CH2 CH2 CH2 C
O
e  
MX MX 
 
 
  
4 . 454 . 504 . 554 . 604 . 654 . 704 . 754 . 804 . 854 . 904 . 955 . 005 . 055 . 105 . 15
( p pm )
4.9                                                                     4.
( ppm )
PET95MX5
PET90MX10
PET85MX15
PET80MX20
a
a' e' e
m
 
Figure 4.8. Left: signals of 
1
H NMR spectra sensible to the diades in the poly(ester 
amide)s. Top: Possible combination of sequences at diade level centered in the 
diethylene glycol units.  Right: expressions used to determine the average sequence  
lengths and randomness in the poly(ester-amide)s. 
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Table 4.3. Composition, diethylene glycol content, and microstructure of PETxMXy 
poly(ester-amide)s 
  
Composition
a 
DEG
b
 
Average Sequence 
Lengths
c
  
Random-
ness 
Poly(ester-
amide)s 
XT   XMX   nT nAA  
B 
PET95MX5 95.2  
4.8 0.97 17.4 1.1 
 
1.01 
PET90MX10 90.2  
9.8 0.98 10.1 1.1 
 
0.99 
PET85MX15 85.8  
14.2 1.09 6.8 1.2 
 
0.99 
PET80MX20 80.2   19.8 1.43 4.8 1.3   0.99 
 
a 
Determined from the terephthalate and adipate protons resonances observed in 
1
H NMR spectra.  
b 
Diethylene glycol content (mol%) calculated from 
1
H NMR spectra. 
c
 Experimental values using the 
1
H NMR spectra (Figure 4.8) and, applying the expressions shown in the figure.  
 
 
Infrared spectra of the homopolymers PET and PMX, and PETxMXy poly(ester-amide)s are 
compared in the Figure 4.9. As the figure illustrates, the poly(ester-amide)s spectra 
presented a signals’ combination of the homopolymers. The most sensitive bands by the 
biseser amide content are at 3295 cm
-1
 due to N-H stretching of the amide group, 1647 cm
-1
 
due to C=O stretching of the amide group and 1534 cm
-1 
due to N-H rocking of the amide 
group. It is observed how these bands are increasing as increases the bisester amide 
content. 
Also, the figure shows another characteristics bands at 1714 cm
-1 
 corresponding to the 
C=O stretching band of the ester group, at 1239 cm
-1
 and 1092 cm
-1 
 corresponding to C-O 
and O-CH2 stretching bands; respectively  and, at 724 cm
-1
 corresponding to C-H rocking 
band of the aromatic rings. 
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Figure 4.9. Compared FT-IR spectra for PET, PMX and PETxMXy. In shadows, the bands 
which presented changes by insertion of bisester amide. 
4.3. Thermal properties 
4.3.1. Melting and glass transition temperatures 
The poly(ester-amide)s synthesized were analyzed directly from synthesis by DSC. This 
study can give us information about how the glass-transition temperature (Tg) and the 
melting temperature (Tm) are affected by the inclusion of bisester amide units (MX). The 
results are listed in Table 4.4. 
Figure 4.10 compares the DSC curves of first and second heating of the different 
poly(ester-amide)s synthesized. The insection of bisester amide units in PET´s chain 
produces a decrease in both melting temperature and enthalpy. It could be attributed to 
restrictions imposed by the units in meta position (m-xylylene diamine) and the loss of 
regularity in the polymer chain. On the other hand, all poly(ester-amide)s were found to be 
able to crystallize at cooling.  
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For the Tg determination, the samples were melted at 290°C and then rapidly quenched into 
liquid nitrogen. In general, all poly(ester-amide)s have a unique glass transition temperature 
(Tg) and the values were intermediate between the homopolymers PET and PMX ( 81.6 and 
20.1°C, respectively). As expected, chain mobility in the amorphous phase appears to be 
more facility by the incorporation of aliphatic segments. Also, the decrease of the Tg is 
influenced by the DEG content, which increases by increasing the bisester amide content. 
However, even with a 20 mol% of bisester amide units the poly(ester-amide)s remain being 
semicrystalline. 
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Figure 4.10. DSC melting traces for samples coming directly from synthesis. a) First 
heating at 10°C/min. b) Second heating at 10°C/min.
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Table 4.4. Thermal properties of poly(ester-amide)s derived from PET. 
                      
   
First Heating
b 
 
Cooling
b 
 
Second heating
b 
Polyester  
Tg
a
            
    (°C) 
Tm             
    (°C) 
ΔHm          
   (J/g) 
 
Tc              
   (°C) 
ΔHc           
  (J/g) 
 
Tm             
    (°C) 
ΔHm          
   (J/g) 
   
PET 
 
81.6 248.8 41.4 
 
201.63 -37.4 
 
249.0 36.2 
PET95MX5 
 
68.5 242.3 40.0 
 
196.41 -37.0 
 
241.0 35.3 
PET90MX10 
 
58.0 229.1 29.9 
 
181.71 -12.6 
 
220.6 22.4 
PET85MX15 
 
55.7 217.2 20.7 
 
169.77 -16.0 
 
210.6 19.5 
PET80MX20 
 
49.6 214.5 13.7 
 
164.88 -8.8 
 
208.3 11.4 
PMX 
 
20.1 - - 
 
- - 
 
- - 
                                            a
 Glass-transition temperature taken as the inflection point of the DSC traces of melt-quenched samples at 20°C/min. 
                                            b
 Melting (Tm) and crystallization (Tc) temperatures, melting (ΔHm) and crystallization (ΔHc) enthalpies, measured by DSC at heating/cooling 
                             rates of 10°C/min.
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4.3.2. Thermal stability 
To evaluate the thermal stability of polyesteramides, TGA analyses were performed in a 
range of 30-600°C under a nitrogen atmosphere. The TGA curves of polyesteramides are 
compared in Figure 4.11. Data obtained from these measurements are collected in Table 
4.5. 
TGA traces of the poly(ester-amide)s showed a single-step degradation process without 
exhibiting previous signs of weight loss and, besides, it is possible to observe that the 
thermal stability of polyesteramides slightly decreased with increasing bisester amide units 
content. With the aim of comparing the different samples, the temperatures at which a 10% 
weight is lost (
o
Td) and the ones of maximum degradation rate (
m
Td) have been examined. It 
is observed that by increasing bisester amide units, both temperatures decreased. Also, 
from the TGA, the residual weight is appreciated; that weight after heating was found  to 
increase with the content of amide group. 
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Figure 4.11. Thermogravimetric curves of the poly(ester-amide)s heating from 30-600°C at 
10°C/min under a nitrogen flow of 20mL/min. 
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Table 4.5. TGA of poly(ester-amide)s derived from PET. 
 
Polyester 
  
TGA 
o
Td
a         
(ºC) 
m
Td
a                  
(ºC) 
RW
b 
(%) 
PET 397 430.75 11 
PET95MX5 403 434.0 13 
PET90MX10 397 427.77 17 
PET85MX15 390 425.00 21 
PET80MX20 383 420.06 22 
PMX 346 402.92 14 
 
                                                                a
Temperature at which a 10% weight is lost (
o
Td) was  
                                          observed in the TGA traces recorded at 10 ºC/min
  
and  
                                          temperatures of maximum degradation rate (
m
Td).  
                                                                b 
Remaining weight (RW)  at 600C. 
 
4.3.3. Compared crystallizations kinetics 
This study was carried out with the aim to evaluate the effect produced by the inclusion of 
the bisester amide units in the crystallization kinetics of the poly(ester-amide)s. As 
previously commented a decrease was observed in both, enthalpy and melting temperature 
with the increase of bisester amide units (Table 4.4). 
The Avrami equation relates the fraction or amount of uncrystallized polymer that remains 
after time (t-t0) during an isothermal transformation to its growth rate parameter, k, and 
Avrami index, n (Equation 4.1). 
]                                 Equation 4.1 
Applying the logarithms to both sides of Equation 4.1, the following equation can be 
obtained: 
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)           Equation 4.2 
K and n parameters can be determined by plotting log[-ln(1-Xc)] vs log(t-t0). The Avrami 
equation rarely describes the whole conversion process and is usually valid until the primary 
crystallization ends. Therefore, only log-log data corresponding to conversions until 50% are 
considered, because n value can significantly depend on crystallization conversion grade, 
and at higher conversion grades, secondary crystallization contribution may be present. 
36
 
Relative crystallinity vs time plot, and log-log plot for PET and poly(ester-amide)s are shown 
in Figure 4.12.  
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Figure 4.12. Isothermal crystallization of PET and poly(ester-amide)s at the indicated 
temperatures. a) PET, b) PET95MX5, c) PET90MX10, d) PET85MX15, e) PET20MX20, Left: 
Relative crystallinity vs time plot. Right: Log-log plot. 
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In Figure 4.12, from  the relative crystallinity vs time plots, it is possible to observe that 
independently of the bisester amide content for higher crystallization temperatures a 
superior time is necessary to achieve high crystallinity dregrees. Moreover, Log-log plots 
illustrate the linear tendency characteristic of primary crystallization. 
 
As it is shown in Table 4.6 it can be observed that for a fixed temperature poly(ester-
amide)s crystallizes more slowly than PET.  
 
The avrami index n can be considered as a first approximation to be composed of two 
terms: 
                                               n = nd + nn                           Equation 4.3 
 
Where nd represents the dimensionality of the growing crystals and this quantity can only 
have as values the integer numbers 1, 2, 3 corresponding to one-, two-, or three, 
dimensional entities that are formed. In the case of polymers, only 2 and 3 are commonly 
obtained as they would represent axialites (two dimensional lamellar aggregates) and 
spherulites (superstructural three dimensional aggregates of radial lamellae), respectively. 
The time dependence of the nucleation is represented by nn. In principle its value should be 
either 0 or 1, where 0 corresponds to instantaneous nucleation and 1 to random nucleation. 
However, since in many cases the nucleation may be somewhat in between completely 
instantaneous or completely random, a noninteger Avrami index can be sometimes 
explained in this way, although other values of n determined in kinetic experiments may 
arise from many factor connected with the morphological complexity of the polymeric 
system. 
37
 In the case of poly(ester-amide)s the Avrami index takes values between 2 and 3 
(Table 4.6). A value of 3 indicates either a spherulitic growth with instantaneous nucleation 
or an axialitic growth with random nucleation. A value of 2 corresponds to axialitic growth 
with instantaneous nucleation. 
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Table 4.6. Isothermal crystallization data of poly(ester-amide)s derived from PET 
              
Copolymer 
  
Kinetics data 
Tc  t0 
a
            
(min) 
t1/2
a
          
(min) 
n
b
 -logk
b
 
(°C) 
 
 
210 
 
0.1 0.7 2.2 -0.4 
PET 215 
 
0.3 1.3 2.2 0.4 
 
220 
 
0.3 2.6 2.0 1.4 
 
205 
 
0.6 1.3 2.3 0.1 
PET95MX5 210  
1.9 3.9 2.1 0.8 
 
215 
 
3.9 7.0 2.0 1.2 
 
190 
 
0.6 1.6 2.3 0.2 
PET90MX10 195  
1.2 2.6 2.1 0.6 
 
200 
 
2.8 5.1 2.0 0.9 
 
185 
 
1.2 2.6 2.1 0.6 
PET85MX15 190  
3.0 4.8 2.0 0.7 
 
195 
 
6.1 9.6 2.0 1.8 
 
170 
 
1.2 2.8 1.9 0.5 
PET80MX20 175  
2.1 4.1 2.0 0.9 
 
180 
 
4.0 5.1 2.0 0.4 
 
         a
Onset (t0) and half-time (t1/2) crystallization times. 
         b
Avrami parameters, k constant and n exponent. 
 
4.4. X-Ray Diffraction 
The powder X-day diffraction analysis of PET and poly(ester-amide)s coming directly from 
synthesis shows that all samples are semicrystalline, corroborating DSC data (Figure 4.13). 
In the diagram is observed how PET´s peaks remain almost unchanged even for the 
poly(ester-amide)s with a 20% mol of bisester amide units; which suggest that the 
poly(ester-amide)s adopted the crystalline structure of PET. 
On the other hand, the tiny displacement suffered by poly(ester-amide)s` peaks in relation 
with the PET´s peaks and, appearance of new peaks is product of the restructuring of the 
chains due to the irregularity caused by the new segments. 
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Figure 4.13. Intensity vs dhkl plots for PET and poly(ester-amide)s coming directly from 
synthesis. 
Table 4.7. X-ray Spacings of PET and poly(ester-amide)s 
                  
Sample                                                                dhkl
a
(Å) 
         PET 2.75(w) 3.19(w) 3.41(s) 
 
3.91(s) 4.12(m) 5.06(s) 5.42(s) 
         PET90MX10 2.74(w) 3.17(w) 3.40(s) 
 
4.92(s) 4.14(m) 4.99(s) 5.42(s) 
         PET80MX20 2.71(w) 3.17(w) 3.39(s) 3.60(w) 3.95(s) 4.18(s) 4.95(s) 5.43(s) 
                  
a
 Values corresponding to the characteristics spacings appearing in the powder X-ray diagrams. Intensities 
visually estimated and denoted as s=strong, and w=weak. 
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4.5. Mechanical Properties 
Tensile data, such as Young’s modulus (E), the maximum tensile strength (σmax), and the 
elongation at break (εbreak) were determined for amorphous PET and PET80MX20 poly(ester-
amide) samples. Figure 4.14 illustrates the stress-strain traces of PET and the PET80MX20 
samples, and the numerical results are listed in Table 4.8. A decrease in both, Young’s 
modulus and the maximum tensile stress took place with increased contents of bisester 
amide units. This is explained by the fact that when the content of bisester amide units  
increase, the content of aliphatic segments in the polymer chain also increases; in other 
words, a rigid aromatic ring is replaced for flexible aliphatic segments. On the other hand, 
the increase in the elongation at break is the result of the inclusion of amide groups which 
are more tenacious. 
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Figure 4.14. Stress-strain diagrams of PET and PET80MX20 poly(ester-amide). 
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Table 4.8. Mechanical properties of amorphous PET and poly(ester-amide)s. 
        
Sample 
Young’s Modulus          
      E (Mpa) 
Maximum Tensile Stress 
 σmax (Mpa) 
Elongation at break       
   εbreak (%) 
PET 1252.04 62.64 127.44 
PET80MX20 1119.62 32.34 192.26 
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Conclusions 
Novel uniform bisester amide 1,3-bis{[N-[5-methoxycarbonyl-1-oxopentanyl]]methyl} 
benzene was successfully synthesized by aminolysis of dimethyl adipate and m-xylylene 
diamine. The compound was obtained with a high purity, confirmed by the 
1
H and 
13
C NMR 
spectra and, cosy and hetcor two-dimensional NMR spectra. The thermal studies of this 
bisester amide was also studied; it showed the presence of two melting points in both, first 
and second heating. These peaks were attributed to the existences of two polymorphs. 
Poly(ester-amide)s derived from PET (PETxMXy) were synthesized via two-step melt 
polycondensation. PETxMXy were obtained with high yields, intrinsic viscosities between 
0.65 and 0.67 dL/g, molecular weights (Mw) between 35,000-50,000 g mol
-1
 and dispersities 
between 2.3-3.3. The study of the microstructure revealed that the poly(ester-amide)s 
presented a random microstructure. 
Additionally, PET and PMX homopolymers, with nearly the same molecular weight as 
PETxMXy were synthesized via two-step melt polycondensation, for comparison purposes. 
The novel poly(ester-amide)s have Tg ,Tm and isothermal crystallization parameters in good 
correlation with their composition. They showed values between the two extreme 
homopolymers. 
Thermogravimetric assay of poly(ester-amide)s showed that their thermal stability 
decreased with the content of bisester amide. 
Powder X-ray diffraction analyses together with DSC data showed that all poly(ester-
amides) synthesized were semicrystalline. PETxMXy samples crystallized upon cooling from 
the melt. The cold-crystallization temperature decreased as bisester amide content 
increased. 
The tensile modulus and strength of PET80MX20 poly(ester-amide) was affected by the 
insertion of this bisester amide although it displayed significant changes in ductility, as 
compared with PET. 
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